The organic-inorganic hybrid sol-gel films, the structure of which comprises interconnected inorganic and organic networks have been reported as an environmentally friendly anti-corrosion pre-treatment for several metals, including aluminium alloys. In this paper, an epoxy-silica-zirconia hybrid sol-gel coating was synthesized from glycidoxypropyltrimethoxysilane (GPTMS) and zirconium npropoxide (TPOZ) precursors and applied to EN AW-6063 alloy by dip-coating. To promote the organic network formation through the epoxy group polymerization at room temperature, two types of amine crosslinkers were added during synthesis: diethylenetriamine (DETA), in different concentrations, and a tri-functional aminosilane. The evolution of the curing process and the corrosion behaviour of the coated aluminium alloy specimens were evaluated by Electrochemical Impedance Spectroscopy (EIS) in 0.5 M NaCl. The morphology and surface chemistry of the hybrid coatings were characterized by Energy Dispersive Spectroscopy (EDS) coupled with Scanning Electron Microscopy (SEM) and by Fourier Transform Infrared Spectroscopy (FTIR). The results obtained revealed that the sol-gel coatings with lower amine ratios required longer curing times, but showed the best anticorrosive performance with time. The increase in amine concentration has led to a more cross linked organic network, resulting in higher initial coatings resistance; however it has turned coatings more hydrophilic, prone to rapid degradation in water.
Introduction
The aluminium alloys offer a unique combination of properties such as good mechanical resistance with a high strength to weight ratio, design flexibility and good corrosion resistance due to the spontaneous oxide layer formed on their surface, allied to a cradle-to-cradle life cycle. These properties make them widely used in several industries, including the building industry, which consumes around 30% of the aluminium products in Western Europe [1] , in particular, those of 6000 series alloys. This type of alloys present good corrosion resistance in mild corrosive environments; however, develops pitting in marine highly polluted environments. Therefore, to fulfil long term service life requirements and to reduce maintenance needs, keeping an appropriate aesthetic appearance, aluminium building components are often organically coated which requires alloy surface pre-treatment and a conversion layer to improve adhesion. This pretreatment is often based on toxic Cr(VI) which, since 2007, has been under great restrictions due to environmental concerns, and should be banned from pretreatment industry in Europe until September of 2017 [2] . It could be estimated from European Aluminium Association data that around 1.12 Mton of aluminium alloys were powder coated in Europe, in 2011, mostly for building applications. This shows the importance of the development of a chromium-free technology for the aluminium pre-treatment industry. Presently, there are already several alternative pre-treatments in use; however, they lack the anticorrosive action of the Cr(VI) compounds. Organic-inorganic hybrid silane based sol-gel coatings have been reported as a promising environmentally friendly alternative to Cr(VI) conversion layers for several metals, since they, not only exhibit barrier effect and compatibility with organic coatings, but also have the ability to incorporate corrosion inhibitors [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . These types of coatings present combined mechanical and chemical properties typical of inorganic ceramics and of organic polymers. Among these, the epoxy-silane based hybrid sol-gel coatings are of particular interest due to the increased properties of flexibility, density and functional compatibility with organic coatings, achieved as a result of the epoxide organic group present [5, [7] [8] [9] [10] [11] [12] [13] [14] [15] . During the synthesis of these coatings occurs simultaneously the formation of an organic network through epoxide rings opening and polymerization, and of an inorganic siloxane network through the hydrolysis and subsequent condensation of the silicon alkoxide groups [16] . Uncatalysed organic polymerization usually requires elevated temperature to complete the process. However, by the addition of amine crosslinking agents it is possible to promote the organic network formation at low temperature [17] , with inherent energy savings. The corrosion behaviour of amine-cured epoxy-silane sol-gel coatings has been studied by different authors [14, 15, [17] [18] [19] [20] [21] [22] . The diethylenetriamine (DETA) is one of the most common epoxy crosslinkers used and an optimum amine concentration in terms of the best anticorrosive properties achieved by the coatings was reported by Vreugdenhil et al. [18] and by Davis et al. [17] of, respectively, 1.3 and 1 relative to the molar ratio "epoxy group/amine reactive hydrogen". Khramov et al. [19] also studied epoxy-silane sol-gel coatings crosslinked with amino-silanes and found significant improvement in these coatings corrosion performance in comparison to those of DETA crosslinked ones. In another study involving the addition of amino-silane crosslinkers [20] , the above optimum molar ratio found ranged between 1 and 1.5. The aminosilanes present the advantage of contributing also to the inorganic network formation. Besides amino-silanes, other amines have been studied as alternative to DETA like di-amines of longer carbon chain [15] or branched amines [21, 22] , the resultant coatings showed better corrosion protection properties compared to those derived from formulations containing DETA as crosslinking agent. The epoxy-silane based coatings curing process (by heating or by the addition of crosslinking agents) is determinant for the establishment of both inorganic and organic networks of these hybrid coatings and should be appropriate to the precursors used in their synthesis. All the studies referred are focused on solely silane derived sol-gel coatings. In this work, a zirconium alkoxide precursor is used in addition to the epoxy-silane one to produce the hybrid sol-gel coating for corrosion protection of the aluminium alloy EN AW 6063. This type of sol-gel coatings usually is thermally cured [7, 16] . The aim of this work is to study the corrosion properties of epoxy-silica-zirconia hybrid sol-gel coatings cured at room temperature by the addition of amine crosslinkers. Therefore, in the present work, epoxy-silica-zirconia hybrid sol-gel coatings were synthesized from glycidoxypropyltrimethoxysilane (GPTMS) and zirconium n-propoxide (TPOZ) precursors, applied to the aluminium alloy by dip-coating and cured at room temperature using two types of amine crosslinkers: diethylenetriamine (DETA), in different concentrations (GPTMS/amine-H reactive molar ratios: 1.5 and 1), and a tri-functional amino-silane in that molar ratio of 1. A sol-gel coating prepared from the same precursors but without amine addition was also synthesized for comparison. The evolution of the curing process and the corrosion behaviour of the hybrid coated aluminium alloy specimens were evaluated by Electrochemical Impedance Spectroscopy (EIS). The morphology and surface chemistry of the hybrid coatings were also characterized by Energy Dispersive Spectroscopy (EDS) coupled to Scanning Electron Microscopy (SEM) and by Fourier Transform Infrared Spectroscopy (FTIR).
Experimental

Reagents and materials
Glycidoxypropyltrimethoxysilane (GPTMS), zirconium n-propoxide (TPOZ) 70% in propanol, 2-propanol, ethylacetoacetate, diethylenetriamine (DETA) and 3-[2-(2-aminoethylamino)ethylamino]propyl-trimethoxysilane (3A) were purchased from Aldrich and used as received. Nitric acid (65%, Merk) was used to acidify the water solution used to promote hydrolysis. Ultra-pure water (0.055-0.060 µS/cm) obtained from a Purelab Ultra System (Elga) was used. Aluminium test specimens, 3 cm x 7 cm x 1.1 cm, of commercial EN AW 6063 alloy [23] were used. Before coating deposition, the aluminium alloy samples were degreased with ethanol and then cleaned by immersion in an alkaline aqueous solution containing 50 g/L of P3 Almeco 18C (Henkel) for 10 min at 60 °C, followed by immersion in a 20% (wt) HNO 3 solution for 15 min and finally rinsed with deionized water.
Sol-gel synthesis and coating deposition
The hybrid coating was synthesized from GPTMS and TPOZ precursors, based on the procedure described in [7] , hydrolyzed separately, under acidic conditions at room temperature. The organo-siloxano sol was obtained by mixing GPTMS in 2-propanol (1:1 volume ratio) with diluted nitric acid and stirring it for 30 minutes. The inorganic sol was prepared by addition of TPOZ (70% in 2-propanol) to the complexing agent ethylacetoacetate (1:1 volume ratio), stirring it for 20 minutes, and then, diluted nitric acid was added and stirring was extended for another 60 minutes. After this time, the two sols were mixed and stirred for 1 h, followed by 1 h ageing at room temperature. The amine crosslinking agent was added to the hybrid sol ten minutes prior coating the aluminium samples. The amount of amine added was calculated to yield a GPTMS/amine-H reactive molar ratio of 1 and 1.5 for DETA, and of 1 for the amino-silane 3A. One coating was prepared without amine addition for comparison. The Zr/Si molar ratio in each final coating is 0.26. Table 1 resumes the different coatings prepared and respective identification. The sol-gel coatings were applied to the previously cleaned aluminium EN AW 6063 alloy samples, by dipping and withdrawal at a speed of 18 cm/min, after a residence time of 100 s, using a dip-coater (Nima, model DC Small). After coating, the aluminium samples were left to dry at room temperature for 24 h (or 72 h in the case of the coating prepared without amine) and then stored in a desiccator before testing. 
Experimental techniques
The evolution of the curing process and corrosion behaviour of the different aluminium alloy coated samples was evaluated by Electrochemical Impedance Spectroscopy (EIS) in neutral 0.5 M NaCl solution. The EIS tests were performed at room temperature, in a Faraday cage, with the solution exposed to air, with a Gamry Potentiostat REF600-06704, in the frequency range of 100 kHz-10 mHz, applying a 10 mV sinusoidal perturbation at OCP, with 10 to 7 points per decade logarithmically distributed. The test area was 1.34 cm 2 . A three-electrode cell was used, with a saturated calomel electrode (SCE) as reference, a platinum wire as counter-electrode and the coated aluminium alloy sample as working electrode. Two to four replicates were tested for each coating type. Gamry Echem Analyst software version 5.3 was used for impedance curves fitting to the appropriate equivalent circuits. Surface coatings observation and chemical elemental analysis were carried out before immersion with a JEOL JSM-6400 scanning electron microscope with a coupled EDS detector (Inca-xSight, Oxford Instruments). Coatings chemical structure was carried out by specular reflectance Fourier Transform Infrared (FTIR) spectroscopy with a Nicolet Magna IR-550 spectrometer, between 4000-450 cm −1 wavelengths, with a 4 cm −1 resolution.
Results and discussion
Coatings surface characterization by SEM/EDS SEM observations of the hybrid sol-gel coatings synthesized revealed a very smooth homogeneous, crack-free surface for all coatings. However, there are a few pinhole-like defects which are more noticeable in the amino-silane (3A) cured coating. Fig. 1 shows an example of one of these coating defects on an aluminium sample with the 3A cured coating in comparison with a defect-free surface of a DETA cured coated sample. The EDS spectra presented in Fig. 1 reveal that in the defect area, the hybrid sol-gel coating is almost absent. Consequently, these areas may suffer early corrosion processes. The FTIR spectra relative to the amine cured hybrid coatings (Fig. 2) were obtained 12 weeks after coating deposition on aluminium samples. These spectra exhibit practically the same peaks/bands although with some differences on their relative intensity. The band in the 3700-3100 cm -1 range is related with the presence of OH groups (from hydrolysis products, alcohol residuals and absorbed water) [16, 24, 26] and with primary and secondary N-H groups that also absorb in this range [18, 22, 27] . The peaks at 2931 cm -1 and 2870 cm -1 are assigned to C-H stretching vibration bands in the alkyl groups [16, 26] and also to N-H vibrations [18] . The intermediate band at 1640 cm -1 is attributed to the bending vibration of water molecules absorbed [12, 22] . The peak near 1600 cm -1 , more notorious in the high amine cured coatings DETA(1:1) and 3A(1:1), can be assigned to N-H deformation modes in the -NH 2 group, indicating that some unreacted crosslinking agent was left [18, 22] . These groups add hydrophilicity to the coatings, confirmed by the presence of the absorbed water band. The intense peaks in the 1120-1010 cm -1 range are characteristic of vibration bands of Si-OSi bonds [6, 11, 16, [24] [25] [26] of the inorganic network, but the intense peak at 1120 cm -1 can also be assigned to the stretching vibrations of C-N-C bonds, namely, those formed in the organic polymerization reactions [18] . Thus, the extent of the inorganic network crosslinking is difficult to ascertain in the amine cured epoxysilane sol-gel coatings since the Si-O-Si band can be overlapped by the C-N-C band. The increased absorption observed below 800 cm -1 is also due to primary and secondary N-H groups. (ring breathing), and the small peaks at 909 cm -1 (antisymmetric stretching) and at 856 cm -1 [16, 18, 22] that are visible in the hybrid coating prepared without amine addition spectra (Fig. 3) , are not visible in the amine cured coatings FTIR spectra, suggesting an extensive organic network formation. The small band at 1270 cm -1 , more intense in the high amine coating formulations is attributed to the stretching vibrations of C-O bond [27, 28] in the ether, present in the opened epoxy ring products. The FTIR spectra relative to the 0Amine coating (Fig. 3) were obtained 24 hours and 12 weeks after coating deposition on aluminium samples. The main peaks visible in both spectra are the ones related with the siloxane bonds (Si-O-Si), between 1100 cm -1 and 1050 cm -1 , showing that the inorganic network should be well established at room temperature only 24 h after deposition, in opposition to the organic network, as evidenced by the presence of the epoxy ring absorption peaks. These peaks are less noticeable in the FTIR spectrum obtained after 12 weeks ageing, showing that the polymerization reactions involved in the organic network establishment proceed with time, although in a very slow rate. The inorganic network should have also improved with time, becoming more cross linked, as shown by the widening of the siloxane absorption band and the shifting of its maximum peak towards lower wavelengths [16] . The small peak at 1197 cm -1 near siloxane band in both spectra could be assigned to the stretching vibrations of Si-C bond [26] . The FTIR analysis results show that the amine addition was essential to achieve a higher extension of organic network formation in the hybrid coatings when compared to the coating prepared without amine. However, there is the risk of such extended organic network may imposing some constraints to the inorganic network formation due to geometrical reasons [17] . FTIR analyses have also indicated that some unreacted N-H groups are left in all amine cured coatings, what suggests that this crosslinking agent might be in excess. In this study a zirconium alkoxide was used as sol-gel precursor. Being a Lewis acid it also has the ability to catalyse epoxy ring opening reactions [16, 29] , reducing the number of epoxy rings available to react with amines. Therefore less amine than the amount added (calculated based on stoichiometric needs) would be necessary, justifying the unreacted N-H groups present in the sol-gel coating even after 12 weeks.
Electrochemical evaluation of coatings by EIS
To evaluate the corrosion behaviour, hybrid sol-gel coated aluminium samples were immersed in a 0.5 M NaCl solution for 15 days and EIS measurements were carried out during the immersion period. Before that, EIS measurements were carried out after 1 hour immersion in the same chloride solution at different times elapsed after coating deposition (curing time) to assess the evolution of the coatings' cure with time in terms of their barrier properties.
Evolution of cure with time
Figs. 4 to 6 show the impedance spectra obtained at different curing times for the aluminium alloy samples coated with the two types of amine (DETA, 3A) cured hybrid coatings and for the one without amine (0Amine). The impedance spectra of the uncoated aluminium alloy (Al) are included for comparison. At each curing time, EIS measurements were carried out after 1 h immersion in 0.5 M NaCl. [7] . This intermediate oxide layer, constituted by Al-O-Si and Al-O-Zr bonds, results from condensation reactions between Zr-OH and Si-OH groups with Al-OH groups of the native oxide layer present in the metal surface [5, 16] . Between the two capacitive regions, a resistive plateau can be observed in the 1 Hz -100 Hz range, associated to the coating resistance [7] . Its position at high impedance modulus indicates that these coatings present barrier properties 24 h after coating deposition. The same, however, does not apply to the coating prepared without amine addition, which EIS spectra (Fig. 6 ) obtained 24 h after coating deposition present only one broad time constant similar to the spectra obtained for the aluminium alloy sample without coating. In both cases, this relaxation process results only from the capacitance of the native oxide layer present in this type of alloy [30] . The absence coating impedance response indicates that the sol-gel coating does not have yet barrier properties, probably because the time elapsed was insufficient to complete the condensation reactions involved in the formation of the inorganic network, as also as to complete the reactions involved in the polymerization of the functional epoxy group necessary to establish the organic network, what is coherent with the FTIR analysis results. For longer curing times, EIS spectra already exhibit both capacitive and resistive contributions of the sol-gel coating, similarly to what was observed for the amine cured coatings. The 0Amine coating resistive plateau, however, is positioned at lower impedance values than for the amine cured coatings, indicating inferior barrier properties. According to EIS measurements all coatings improve barrier properties with time until 12 weeks, as the hybrid network becomes more crosslinked. For longer curing times (16 or 20 weeks) the amino-silane cured coating and the one prepared without anime suffer some kind of degradation, leading to a decrease in their barrier properties.
Evolution of anticorrosive properties
The continuous immersion in the 0.5 M NaCl solution started after the times used to evaluate the curing process (16 to 20 weeks after coating deposition). Figs. 7 and 8 present the typical impedance spectra obtained at the beginning and at the end of the immersion time (15 days) in the chloride solution, for the coated aluminium EN AW 6063 alloy samples with amine cured coatings and with the coating prepared without amine addition (0Amine). Initially the two time constants associated to the sol-gel coating at medium-high frequencies and to the intermediate oxide layer at low frequencies are visible (Fig. 7) . The relative position of the resistive plateau associated to the coating resistance in terms of impedance modulus value allows the ranking of the different coatings' barrier properties: the amino-silane cured coating is the one with the best barrier properties and the coating prepared without amine addition has the worst ones. No signs of corrosion activity were visible in the EIS spectra obtained for this short immersion time. With immersion time, the EIS spectra of all coatings evidence a marked decrease in the impedance at medium-high frequencies range (10 4 Hz-10Hz), showing a great loss of sol-gel coatings' barrier properties, more pronounced for those with higher amine ratios, especially the amino-silane (3A) cured coating (Fig. 8) . This decay is caused by water and chloride ions penetration into coating, hence, these two coatings should be more hydrophilic than the other two, what is in accordance with FTIR analysis results. At the end of the immersion time in the chloride solution, the DETA(1.5:1) cured coating is the only one showing some barrier ability. The differences in the impedance response of the different sol-gel coated samples at the end of immersion time are also visible in the impedance spectra at low frequencies (<0.1 Hz), namely, in the lay-out of the phase angle curves (Fig. 8) . Impedance response in this frequency region is related to the intermediate oxide layer properties and the onset of corrosion processes. The increase of the phase angle observed in the EIS spectra of the coatings with higher amine content suggests a less capacitive (thus more resistive) behaviour of this layer, also meaning that these two coatings are less corrosion resistant. On the whole, the EIS corrosion evaluation indicates the DETA(1.5:1) cure coating as the one with best anticorrosive properties, followed by the coating prepared without amine addition. In spite of its initial lower barrier properties, the 0Amine coating was less affected by immersion in the chloride solution and showed better corrosion protective ability than the higher amine cured coatings. The amino-silane (3A) cured coating initially presented the highest barrier properties, probably due to a more crosslinked organic and inorganic networks leading to a higher coating thickness (as estimated by the SEM/EDS analysis), but suffered the fastest degradation with immersion and at the end has practically lost its barrier ability. The same was observed for the DETA(1:1) cured coating. These coatings are the ones with the higher amine content that, according to FTIR analysis results, was not fully consumed in the epoxy ring opening reactions, what has turned these coatings more hydrophilic, thus prone to rapid degradation in water. The EIS results are coherent with visual observation of the immersed coated aluminium alloy samples displayed in the photos taken after immersion in the chloride solution (Fig. 9) . The high amine content coatings exhibit more pin-hole type defects, evidenced by the whitish stains resultant from the metallic substrate oxidation and incipient pitting corrosion development. These coatings also became yellowish with immersion time (not perceptible in the photos) what is a sign of their chemical degradation.
Conclusions
Epoxy-zirconia-silica sol-gel coatings were synthesized, deposited on aluminium EN AW 6063 alloy samples and cured at room temperature by the addition of amine crosslinking agents. The results obtained revealed that these coatings achieve appropriate barrier properties 24 h after coating deposition. Furthermore, these barrier properties improve significantly for longer curing times (12 weeks) , showing that the curing process takes several weeks to complete. It was observed that the amount of amine added influenced the coatings protective properties, namely, their barrier properties. The ones with less amine require longer times to finish cure, but once cured, show the best anticorrosive performance with time. The best corrosion performance was achieved by a coating cured with DETA added in the GPTMS/N-H reac molar ratio of 1.5:1. It was found that amine additions in the GPTMS/N-H reac molar ratio of 1:1 were excessive, possibly because the zirconium alkoxide present in the coatings lowered the number of epoxy rings available to react. The amine in excess turned coatings more hydrophilic, which was detrimental to long term coating anticorrosive efficacy, as evidenced by the EIS results.
